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ABSTRACT

A comparison of the characteristics of the Nuclear Materials Identification System (NMIS) and its more
fieldable version that was developed for future treaty applications, the Fieldable Nuclear Materials
Identification System (FNMIS), is presented. Both systems were developed for the US Department of
Energy (DOE) Office of Nuclear Verification (ONV). Under the Warhead Safety and Security Exchange
Agreement, NMIS was also jointly developed with the Russian Federation. The configuration of the
systems and their characteristics are described. In addition, the capabilities, advantages and
disadvantages, and a comparison fast-neutron transmission imaging measurement is presented. The
comparison measurements gave essentially the same results because the software and imaging apparatus
have the same capabilities, with the FNMIS completing the measurements slightly faster. NMIS is an
open system that is more easily modified for research applications and is not suitable for the ONV
mission, and FNMIS is compatible with an information barrier, which is more useful for ONV
applications.

1. INTRODUCTION

Oak Ridge National Laboratory (ORNL) has two nuclear materials identification systems of interest to the
National Nuclear Security Administration (NNSA) Office of Nuclear Verification (ONV): (1) a
development version, the Nuclear Materials Identification System (NMIS) [1], under development since
the mid-1990s and (2) the Fieldable Nuclear Materials Identification System (FNMIS) [1], more recently
completed in 2016. There are also two Russian versions of NMIS in the Russian Federation at the two
Russian nuclear weapons design laboratories, The All Russian Institute of Experimental Physics
(VNIIEF) and The All Russian Institute of Theoretical Physics (VNIITF). FNMIS is modularly designed
as a test unit for potential future nuclear arms control and nonproliferation treaty activities, and NMIS is
designed for research and development.

NMIS and its precursors have been used in the following applications:

Initial measurements with secondaries at Y-12 National Security Complex (Y-12 NSC) in 1984

o Measurements with pits, secondaries, and fully assembled nuclear weapons at Pantex in 1988
Blind testing template matching measurements with pits for the US Department of Defense, Defense
Special Weapons Agency in 1997 at Los Alamos National Laboratory

e Measurements at Pantex with pits, secondaries, and fully assembled nuclear warheads in1997 for

ONV

Confirmation of inventory and receipts at the Y-12 NSC

Isolation measurements for HEU at Y-12 NSC in 1998

Measurements at Sandia National Laboratory, Livermore in 1999 for Y-12 NSC

Measurements with highly enriched uranium metal (1998) and weapons-grade plutonium (2000) at

VNIIEF for ONV

e Measurement at the United Kingdom Atomic Weapons Establishment with pits, secondaries, and
fully assembled nuclear warheads in 2001 (Rocky Ridge 1) and in 2003 (Rocky Ridge 2) for ONV

e Passive measurements with plutonium oxide at the Euratom Joint Research Center at Ispra, Italy in
2005

e Fast-neutron imaging measurements at Y-12 NSC (initiated in 2005 for nuclear material and
accountability)

e Measurements with plutonium metal (Rocky Ridge 3) at Lawrence Livermore National Laboratory in
2005 for ONV

e Passive measurements with HEU and DU metal at Y-12NSC in 2007 to 2009 for the US DOE Office
of Defense Nuclear Nonproliferation Research and Development (NA-22)



e Interrogation of air cargo at ORNL supported by Battelle Corporation (2009-2012)

e Fast-neutron imaging measurements for the US DOE Office of Emergency Operations (NA-40) in
2010 at Los Alamos National Laboratory for a counterterrorism application

e Maritime interrogation measurements in 2012 for NA-22
The Warhead Measurement Campaign at Y-12 NSC for NA-22 in 2014

e Development of a measurement procedure for verification of dismantlement for NA-22 in 2016 at Y-
12 NSC

o The US DOE Office of Counterterrorism and Counterproliferation (NA-80) in 2016

These measurements provided information to support the development of FNMIS. This report compares
the NMIS/FNMIS capabilities, states the advantages and disadvantages, attempts to identify all potential
maintenance over the lifetime of both systems, and presents the results of a comparison fast-neutron
transmission measurement.

2. NMIS AND FNMIS CONFIGURATIONS

There are two configurations: NMIS, under development since the 1990s by the Y-12 NSC, ONV, and
NA-22; and FNMIS, developed originally by ONV and just completed in 2016 by NA-22. In 2004 fast-
neutron imaging capability was added to the NMIS, initially for nuclear material control and
accountability (NMC&A) applications at the Y-12 NSC. The first NMIS-type measurements with
weapons components were performed in 1984 at the Y-12 NSC for NMC&A, and the first NMIS-type
measurements with fully assembled nuclear weapons ready for deployment were performed at Pantex in
1988.

2.1 NMIS

The configuration of NMIS is given in Figure 1, and a photograph of NMIS at Idaho National Laboratory
(INL) in 2010 with the large induced fission radiation detectors installed is given in Figure 2. The
imaging apparatus is located on a vertical slide for scanning an interrogated object. The apparatus allows
limited lateral motion of the imaging detectors to simulate other detector locations, which increases
spatial resolution. It has a rotation table to allow imaging of three-dimensional objects. The rotation table
can be located closer to the source to increase magnification and reduce the measurement time for some
applications.
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Figure 2. Photograph of NMIS at INL in 2010 during a fission mapping measurement.

NMIS usually contained 32 fast plastic scintillators in a row mounted in a 115¢m radius arm for imaging.
The deuterium-tritium (DT) neutron generator is mounted 115 cm away and contains a row of alpha pixel
detectors in the same plane as the imaging detectors. The induced fission radiation detectors are usually
mounted between the interrogated object and the imaging detectors on a 50cm radius arc with respect to
the center of the interrogated object (Figure 2). They are mounted above and below the imaging detectors
to allow simultaneous spatial mapping of the fission sites and fast-neutron imaging. This proximity of the



induced fission radiation detectors to the interrogated object increased their efficiency for detection of
multiplets from induced fission. A photograph of the NMIS electronics and data processing rack is given
in Figure 3. It consists of three nuclear instrument module bins of analog electronics that determine the
timing of the signals from the detectors and provide input to the 10 channel 1 GHz shift registers mounted
in the computer at the bottom of the rack. In each channel, the inputs can be sorted by pulse width,
allowing many signals to be multiplexed into one channel. A plethora of wires route the signals
appropriately to special shift registers. The processors calculate online all the correlation functions [2]
between all detector pairs. There is no digitization of the signals, just timing. All set up and adjustment of
voltages and detection thresholds are manual. This rack of electronics is connected to the detectors by
long cables. The data acquisition user interface (data acquisition and correlation software), interactive
data analysis software for off-line analysis), and imaging software had previously been used to operate the
system [3]. NMIS now employs a modified version of the more user-friendly FNMIS software, which
also performs additional functions.

Figure 3. NMIS electronics and data processing rack.
2.2 FNMIS

A photograph of the FNMIS system as it will be used in a performance comparison study is given in
Figure 4. FNMIS is modularly constructed with an imaging detector module, a DT generator module, a
data acquisition (DAQ) module that connects the generator and imaging detector module, a rotation
module, and induced fission radiation plastic scintillation detector modules. The modules can be
separated for shipment, and all wiring and electronics is internal and located between modules except for
the induced fission radiation detectors. The plastic scintillators for fission detection are larger for FNMIS



but cover less solid angle than those for NMIS. The scintillator portion of the detectors is at the top and
bottom of the enclosure with the photomultiplier tubes overlapping in the middle of the enclosure to
conserve space. The vertical location of the fission detection modules is adjustable. Vertical positioning
mechanisms that can be used to scan and object are located inside the imaging detector at DT generator
modules. In addition, the imaging detector module has limited lateral motion to simulate other lateral
positions of the detectors. All modules are two-man portable.

— \’% DT generator module f

T e

Induced fission
radiation detectors
(2 per enclosure)

Imaging
detector
module

Figure 4. FNMIS configuration with one set of induced fission radiation detectors moved aside. The data
acquisition module behind rotation table and fission detectors is not visible.

Two computers are located remotely to the FNMIS apparatus shown in Figure 4—one to control the
generator and one to control FNMIS. The distance separating the imager and the remote operators is
effectively unlimited, including operation over Ethernet. FNMIS was designed to control the generator,
but some facilities require the generator to be controlled by a separate laptop. The FNMIS user-friendly
software performs all the functions that the original data acquisition user interface software did, it but is
more user friendly regarding operation, display, and monitoring of the detection systems.

3. NMIS AND FNMIS CAPABILITIES

These two systems have quite different applications. NMIS is designed for research and development, and
FNMIS is designed for use in possible future arms control and nonproliferation applications.
Consequently, the FNMIS configuration is more constrained than that of the NMIS, but it is more
compatible with an information barrier.

3.1 NMIS

NMIS is a research-oriented system that has been used in a variety of applications other than those of
interest to the ONV. Fast-neutron imaging was first developed for NMC&A applications at Y-12 NSC.
NMIS has been used for counterterrorism applications, air cargo interrogation, and for stockpile
stewardship applications. The source-to-imaging detector distance has been varied from 85 to 217 cm and
can accommodate different neutron generators. This larger source-detector distance increases the
magnification and allows small features of the object under interrogation to be determined. It is an open
system with easy access to components, and it lends itself to upgrades.



The NMIS originally employed a Thermo-Fisher DT neutron generator, but it was recently modified by
another NA-22 program to incorporate an ING-27 generator from the All Russian Institute of Automatics
(VNIIA), which reduced the measurement time by as much as a factor of five. ONV supported the
development of the ING-27 generator under the Warhead Safety and Security Exchange Agreement
program for the so-called “all Russian” versions of NMIS.

3.2 FNMIS

FNMIS is designed for future treaty verification applications and is a closed modular system for the
evaluation of objects in containers. Its enclosed construction makes it difficult to modify as internal
technologies, such as neutron generators, improve. So, what makes it useful for treaty verification
impedes its use as research tool. The requirements for the FNMIS were fixed based on development of the
NMIS in 2007. It presently can only accommodate an associated particle imaging DT (API-120 DT)
generator from Thermo-Fisher Corporation, but its capability would be significantly improved if it was
modified to accept the VNIIA ING-27 generator model or other generators with the capability of US
manufacturers.

4. ADVANTAGES AND DISADVANTAGES

FNMIS is designed to be more user-friendly and has significant remote system monitoring and
manipulation capabilities, along with significantly improved imaging visualizations. NMIS has a
modified version of FNMIS software, which makes it a little easier to use and monitor the condition of
the detection systems during measurements, but it cannot perform the same remote manipulation of
system components as the FNMIS. Advance preparation for and performance of a recent off-site imaging
campaign field-tested this modified FNMIS software in NMIS for over 50 h and verified the significant
improvements it offers. FNMIS was designed for a specific application—future arms control treaty
verification—and consequently has the advantage in such applications. NMIS was designed as a more
research-oriented platform and has the advantage in research applications.

This section will outline the advantages and disadvantages as the systems as they are currently
configured. These comparisons are presented in a Table 1, which is followed by discussion of each item.
Because NMIS uses FNMIS software, it is referred in the table as “Modified NMIS.” It will also list
estimated times to replace components. With the adaptation of FNMIS software to NMIS, some of the
software advantages of FNMIS have been transitioned to the current NMIS. A plus (+) sign by an item is
a possible advantage, and a minus (—) sign is a possible disadvantage. The biggest advantage of the NMIS
system is its configuration versatility and easy access to components for replacement. The biggest
advantage of the FNMIS system is the software control and monitoring of detection electronics. Both
systems are limited by the obsolete processor boards that require the unsupported Windows XP operating
system. Proposed improvements for various missions could easily be tested in NMIS before the costlier
transition to FNMIS is made. In the later discussion of the individual items it states which system is most
advantageous. The systems are compared based on the use of a Thermo-Fisher API-120 generator, which
is used in the measurements [8]. Some of the advantages and disadvantages listed in Table 1 are discussed
in greater detail in the following sections.



Table 1. Comparison of the advantages and disadvantages of the NMIS and FNMIS

Category FNMIS Modified NMIS
GENERAL
International treaty applicability  (+) Excellent (-) None
Information barrier compatibility (+) Good (-) None
Research applicability and (=) Limited (+) Excellent
versatility
MECHANICAL

M1 Ease of shipment
M2 On-site assembly
M3 Ease of system leveling and

alignment
M4 Ergonomics/safety

MS Ergonomics/loss of power

M6 Ergonomics/portability

M7 Operating environment (high
temperatures)

M8 Operating environment (low
temperatures)

M9 Temperature variations
M10 Generator/detector motion
M11 Rotation

M12 Source detector distance

(+) Possible advantage

() Modules are mechanically
disassembled when shipped

(+) Aligned automatically when
assembled

(+) Closed system, safer
(+) On loss of power, imaging arm
stay fixed

(+) Each module two-man portable
modules

(-) Enclosure requires internal
ventilation

(+) Enclosure may maintain operating

temperature. DAQ has fans
(+) Possibly more stable

(+) Move independently

(-) Size limits magnification
(-) Fixed at 110 cm

(-) Possible disadvantage
(-) Some on-site assembly required

(+) Prealigned before shipment
simplifies on site work

(-) Open system, less safe

(-) On loss of power, imaging arm
descends

(-) Forklift required for shipping,
wheels enable two-man mobility on
flat surfaces

(+) Open structure is passively
cooled/cooler operation at higher
temperatures

(?) Open structure lacks insulation

(+) Acceptable stability

(-) Move together

(+) Larger for small objects
(+) Variable

ELECTRICAL

E1 Enclosed electronics
E2 Cabling

E3 Power supplies

E4 Electronics reliability

ES Electrical safety training

(+) Tamper-proof

(+) Mostly internal cables

(-) Contains unshielded energized
components

(-) Untested

(-) Qualified electrical worker 2
training, cardiopulmonary

resuscitation, and first aid required for

maintenance at ORNL

(-) Exposed electronics rack and
cables easier to tamper with

(-) External, 25-50 ft. of exposed
cables

(+) Sealed

(+) Analog very reliable

(+) None




Table 1. Comparison of the Advantages/Disadvantages of the NMIS/FNMIS (continued)

Category

FNMIS

Modified NMIS

SOFTWARE

S1 Detector settings (thresholds)

S2 Detector settings
(pulse widths)

S3 Detector settings
(PMT voltage)

S4 General set up

S5 User interface

S6 System set up time

(+) Computer control and some
calibrations for imaging and alpha
detectors thresholds

(+) Computer setting of pulse widths

(+) Computer controlled voltage
settings

(+) System set up and full monitoring

(+) Visualizations more accurately
represent the hardware

(+) Computer control and calibrations
decrease required time by a factor of
five or more

(—) No automatic calibration

(-) Manual setting of pulse widths
with screwdriver and oscilloscope

(-) No voltage monitoring
(-) Partial system monitoring
(-) Visualizations are representative

(-) Manual adjustments with
screwdriver and oscilloscope are
more time-intensive

MISCELLANEOUS

MIS1 System stability
MIS2 Processor reliability

MIS3 Ease of modifications
(generator integration)

MIS4 Ease of modifications
(arm type change)

MISS5 Fission detectors

MIS6 Comparison of data with
calculations

(+/+) Both equally stable

(—/-) Both rely on limited number of irreplaceable processors

(-) More difficult because of system
enclosure. Est.~$150K for full
integration of ING-27 generator and
imaging arm expansion

(-) Enclosure complicates change in
arm type

(?) Larger, more flexible positioning

(?) Ambiguous determination of the
alpha detection rate that is needed for
absolute comparison with calculations

(+) More flexible. $15K for
engineering and fabrication to fully
integrate ING-27 generator with
imaging arm expansion

(+) Open structure facilitates change
in existing arm types

(+) Smaller, more idealized
positioning, but are in-between object
and imaging detector arms

(?) Ambiguous determination of the

alpha detection rate that is needed for
absolute comparison with calculations

MAINTANENCE

(-) Difficult

(+) Very easy

4.1

FUTURE INTERNATIONAL TREATY APPLICATIONS

In 2007, ONV decided that the NMIS capabilities were good enough for treaty verification needs and that
a more fieldable system for treaty verification should be configured, in effect freezing the technology at
2007 levels. ONV initiated the configuration of a fieldable version designated as FNMIS. This system
was completed in 2016. During this time ORNL made minor technical improvements to NMIS that
enhanced its research capabilities. For the treaty verification applications, a concept of operations
considered was a very coarse vertical scan that could mainly indicate the location of the center of the
primary and the secondary, only at locations a detailed internal configuration could be determined,
limiting the information acquired.

FNMIS: Designed specifically for fieldability in a potential future international treaty application.

NMIS: No applicability to future treaty application as it is a research tool not configured for fieldability.



Advantage: FNMIS
4.2 INFORMATION BARRIER CAPABILITY

FNMIS: Good. FNMIS was designed specifically for compatibility with implementation of an
information barrier. Total enclosure of the imaging system in modules prevents determining its condition
or location with respect to an object to an outside observer, which might reveal the size of the object. In
implementation, vertical motor speed and time could possibly be used to determine the location of the
imaging apparatus. One possible concept of operations to avoid this is the use of random motions of the
vertical adjustment before moving to its final location. This could be used to obscure the location of the
imaging apparatus. Extensive software development would be required for information barrier
implementation. The location of the induced fission radiation detectors might re